Abstract-In this paper ignition and extinction processes of catalytic reactions in a flat plate boundary layer flow are analyzed. The catalytic plate has finite thickness and thermal conductivity. It is assumed a global one-step and irreversible chemical reaction with Arrhenius kinetics and large activation energy. It is further assumed adiabatic boundary conditions for the lower surface and in both edges of the plate. For this case, the critical Damkohler number for ignition is not strongly affected by the axial heat conduction through the plate. On the other hand, the finite thermal conductivity has a big influence on the extinction process. An analytical expression for the critical Damkohler number for extinction is obtained.
INTRODUCTION
Several works have appeared in the literature with the objectives to study the ignition and extinction of catalytic reactions in boundary layer flows. Artyuk et al. (1961) soJved numerically the governing equations for the flow of a gaseous mixture over an adiabatic flat plate. They used the local similarity concept, reaching the erroneous conclusion of the existence of multiple solutions for this problem. Lindbergh and Schmitz (1969, 1970) studied numerically the ignition and extinction processes for a flat plate and wedge type boundary layer flows. This analysis was made for the limiting cases of adiabatic and perfect conducting plates. They showed that the solution to this problem is unique if the boundary layer assumption holds at the leading edge of the plate. If the boundary layer has a stagnation point, multiple solutions of the steady state equations can exist. Also they showed that for an adiabatic wall it is impossible to have multiple solutions, which result if an inadequate numerical solution is used. Mihail and Teodorescu (1975) used a refined numerical analysis to solve the integral governing equations using the Lighthill approximation for high Prandtl and Schmidt numbers (Lighthill, 1950) . This study supports the results obtained by Lindbergh and Schmitz (1969) . Ahluwalia and Chung (1980) analyzed the same problem, but they solved the integral governing equatiC?ns through the erroneous utilization of the Laplace method. The studies made by Lindberg and Schmitz (1969) , Mihail and Teodorescu (1975) and Ahluwalia and Chung (1980) show, for an adiabatic plate, the transition from a kinetically controlled process close to the leading edge to a diffusion controlled process downstream. In a very recent paper, Liiian (1983) showed that this transition occurs abruptly at a well defined distance if the ratio of the activation energy to the thermal energy is large enough. This transition has a universal character. None of the works referred above has taken into account a finite value of the plate thermal conductivity. Only the two limiting cases of zero and infinite thermal conductivity were studied.
The objectives of the present :vork is to study, usi?g as~mptotic methods, the ignition and extinction processes III the flow of a reactmg ~lIxture over a fiat plate with the inclusion of the longitudinal heat transfer due to fil1lte values of the thermal conductivity. It is assumed further a high ratio of the activation energy for the catalytic heterogeneous reaction to the thermal energy.
ANALYSIS
A gaseous combustible mixture flows over a catalytic flat plate with finite thickness and thermal conductivity. The governing integro-differential equations are the following:
with the kernel K (x, x) given by
Here the Lighthill approximation (Lighthill, 1950) for high Prandtl and Schmidt numbers has been introduced. However this gives good results for Prandtl and Schmidt numbers of order unity. ko represents the pre-exponential term of the catalytic irreversible reaction of the Arrhenius type; n is the reaction order; Ta is the activation temperature of the reaction; T and C correspond to the temperature and the reactant concentration on the surface of the plate, respectively; (-D.H) is the heat release per unit mole of fuel consumed; ,\ and '\p correspond to the thermal conductivities of the gas and the plate, respectively; D is the mass diffusion coefficient; v is the kinematic coefficient of viscosity; d corresponds to the thickness of the plate;
The .bou~dary conditions are given by the'assumption that both edges of the plate are adIabatIc,
We introduce the following non-dimensional variables of the form,
Here, TA corresponds to the adiabatic equilibrium temperature given by
The non-dimensional governing equations are then reduced to
where the non-dimensional parameters are defined as follows:
(8)
Here, the parameter f3l gives the ratio between the energy released by the catalytic reaction to the thermal energy of the free stream mixture. This parameter is of order unity in problems related to combustion. r is the non~dimensionaI activation energy which in general is a large number. S is the Damkohler number and represents the ratio between the characteristic diffusion time to the characteristic reaction time and a represents the ratio of the ability ofthe plate to carry heat in the streamwise direction to the ability of the gas to carry heat from the plate. The non-dimensional boundary conditions reduce to
For small values of 8, such as 0-+0, the solution to Eqs. (7), (8) and (9) gives 8= 81=0
and y= 1, which correspond to the frozen conditions. On the other hand, for 8-+C1J corresponding to chemical equilibrium, we obtain 8=81= 1 and Y=O. 
with y and rp of order unity, The non-dimensional governing equations are transformed to
where e is a small number given by e=[31/r->-O, The reduced boundary conditions are dO .
We seek the solution to Eqs. (12) to (14) through a perturbation series of the form cfo = ~o + 8<Pl + 8 2 ~2 + . . .
We obtain the following set of equations:
for terms of order so,
for terms of order el, etc. Equation (18) 
Adiabatic Plate (a=O)
This limiting case was studied by Lifhin (1983) . In this limit it can be readily shown that y=rP' Thus Eq. (13) reduces to
where g=X82. The inversion of Eq. (21) gives
where Z= g3/4. Equation (22) F or high thermal conductivity of the plate, the temperature shows little variation along the longitudinal coordinate. To find the critical condition for ignition we assume a solution to Eqs. (12) to (14) of the form where .p stands for tP, 0 or y. We obtain the following set of equations grouping the terms with the same power of l/a:
The boundary conditions for these equations are 800 exp(~oo) = 2q,oo (31) [Soo exp(rpoo) -2]</>01 = 800 exp(</>oo) --+ ~200 +- (31) and (32) 
where (2) 
EXTINCTION REGIME Near the extinction condition, the temperature of the plate is close to the equilibrium temperature (J= 1 and the reactant concentration diverges from zero only in the proximity of the leading edge of the plate in a region of x ........ 1/r2 ~ 1. Far away from this region, that is x,..."l ~ 1/r 2 , the reaction term of Eqs. (7) and (8) reaches the value of l/v'x (corresponding to the diffu'sion-controlled process). Thus Eq. (8) reduces to
with the boundary condition of d8/dX=O at X= 1. However, the adiabatic condition at the leading edge has to be changed by the matching condition with the solution of the problem given by Eqs. (7) and (8) 
which can be written as
Equation (43) 
This equation determines 'F as a function of .6. and a in the exti~cti?n r~gime. Extinc~ tion occurs for'F=1. The reduced Damkohler number for extmcti01l1S then:
In Figure 2 schematically is plotted the characteristic S-shaped curves which show the ignition and extinction conditions as a function of the parameter a. The extinction regime however has a universal character as shown here. Equation (51) is valid for all a. The dependence of ap(a) on a is shown in Figure 3 . For high values of CL such as a~ 1, the solution of Esq. (48) and (49) So, we obtain the following set of equations For small values of a (a-l>O) , it is useful to introduce the independent variable " defined by Equation (45) In Figure 4 the dependence on a. of ~h and OE is plotted. There are four important zones in this figure. In zone I there is only the frozen steady state condition. In zone HI the only steady state condition is the vigorous burning beginning at distances close to the leading edge. In zone II there are three steady state solutions one of them is unstable. In zone IV the vigorous burning front is located behind the ignition point, calculated neglecting the axial heat conduction. The plate thermal conductivity is unable to carry the burning front to locations dose to the leading edge.
